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a b s t r a c t

Hyper-crosslinked polymers (HCPs) have been produced by the Friedel-Crafts reaction using anthracene,
benzene, carbazole or dibenzothiophene as precursors and dimethoxymethane as crosslinker, and the
effect of graphene oxide (GO) addition has been studied. The resulting HCPs were highly microporous
with BET areas (ABET) between 590 and 1120 m2 g�1. The benzene-derived HCP (B1FeM2) and the corre-
sponding composite with GO (B1FM2-GO) exhibited the highest ABET and were selected to study their
hydrogen adsorption capacities in the pressure range of 0.1 – 14 MPa at 77 K. The maximum H2 excess
uptake was 2.1 and 2.0 wt% for B1FeM2 and B1FeM2-GO, respectively, at 4 MPa and 77 K. The addition of
GO reduced the specific surface area but increased the density of the resultant HCP-GO composites, which
is beneficial for practical applications and proves that materials giving higher gravimetric storage capac-
ities are not necessarily those that offer higher volumetric capacities. H2 adsorption–desorption cycles up
to 14 MPa showed irreversible deformation of both HCP and HCP-GO materials, which calls into question
their application for hydrogen adsorption at pressures above 4 MPa.
� 2021 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the highest gravimetric energy density of all non-nuclear
fuels (39.4 kWh kg�1) hydrogen is a promising energy vector that
could reduce the dependence on fossil fuels, whose energy density
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is 13.1 kWh kg�1 for liquid hydrocarbons [1]. However, hydrogen is
also the lightest element, which makes it challenging to store
safely, compactly and inexpensively. One of the main problems is
the volume of the tank needed for practical applications. Indeed,
5 kg of hydrogen, equivalent to 61 m3 at 298 K and 0.1 MPa, would
be needed in a combustion engine to travel 500 km [2]. In order to
increase the volumetric energy density, hydrogen has been stored
as: (i) liquid hydrogen in cryogenic tanks [3,4]; (ii) compressed
hydrogen in gas cylinders at very high pressure [5,6]; and (iii)
adsorbed and absorbed hydrogen in solids: metal hydrides [7,8],
metallic-organic frameworks [9-11], nanostructured carbons [12-
14], and hyper-crosslinked polymers (HCPs) [15,16], among others.
Due to its low cost and feasibility, physical sorption of H2 in porous
materials is one of the most studied approaches for hydrogen stor-
age. H2 adsorption is a process that occurs at low temperatures
through van der Waals interactions with a solid [1]. It is well
known that, in order to increase H2 storage capacity by adsorption
in a material, the presence of a developed microporous surface is
necessary as the phenomenon is enhanced in very narrow pores
by the overlapping adsorption potentials [14].

HCPs are particularly attractive for H2 storage due to their high
surface area, as well as thermal and chemical stability. The synthe-
sis of HCPs is potentially suitable for large-scale production
because it uses mild synthesis conditions as well as simple and
inexpensive monomers and solvents [17-19]. Friedel-Crafts alkyla-
tion is one of the most widely used methods for the synthesis of
HCPs [20-22]. It has the advantage of forming polymer networks
with crosslinking degrees above 40%. The latter leads to rigid net-
works with permanent micropores, high micropore volume and
high specific surface area [17,23]. HCPs have been applied to gas
storage and separation [24-29]. H2 adsorption capacities at 77 K
and 0.1 MPa range from 0.5 to 1.9 wt% for HCPs with surface areas
between 500 and 1845 m2 g�1 [18,20-22,24,30-39]. In addition,
hydrogen uptake in HCPs can be increased when the adsorbents
are submitted to high pressures of H2 [20,31,40-43]. For instance,
hydrogen uptake increased from 1.61 to 3.68 wt% when increasing
pressure from 0.1 to 1.5 MPa at 77 K using an HCP with a specific
surface area of 1904 m2 g�1 [42].

Furthermore, some studies have proposed to improve the
adsorption properties of HCPs by adding different functional
nanostructured materials to improve their gas sorption selectiv-
ity, gas storage capacity or ability to capture organic pollutants
[23,44-46]. Nanostructured carbon materials such as multi-
walled carbon nanotubes (MWCNTs), graphene oxide (GO) and
graphene nanoplatelets (GNPs) [23,45,46] have been tested as
potential candidates to improve HCP materials. Especially, GO-
based nanocomposites have shown remarkable mechanical,
electrical, thermal, and barrier properties over the last decade
[47].

Herein, three series of HCP materials were produced by the
‘‘knitting” strategy as reported by Li et al. [18]. The first series
was prepared using different molar ratios of carbazole (or the
HCP precursor monomer) to catalyst (FeCl3). A second series of
materials was synthesised using four different HCP precursor
monomers (anthracene, benzene, carbazole or dibenzothiophene)
in order to study the influence of the chemical nature of the
monomer in the synthesis. The third series was prepared by add-
ing GO to the reaction medium. Finally, benzene-based HCPs and
their HCP-GO composites were selected to study their hydrogen
adsorption performance at 77 K, over a pressure range of 0.1 to
14 MPa.
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2. Experimental

2.1. Synthesis of hyper-crosslinked polymers (HCPs)

Reagents from Sigma-Aldrich were used as HCP precursors:
anthracene (97% pure), benzene (99.8%), carbazole (99.8%) or
dibenzothiophene (98%). The procedure that was followed has
been reported elsewhere [18] and is illustrated in Fig. 1. In short,
the monomer selected from the four studied here was added to
100 mL of 1,2-dichloroethane and the mixture was heated up to
338 K under an inert atmosphere (nitrogen). The crosslinker,
dimethoxymethane (99%, Sigma-Aldrich) and the catalyst, FeCl3
(98%, Sigma-Aldrich) were poured into the dispersion when the
temperature reached 338 K and 353 K, respectively. The reaction
was maintained at 353 K under reflux in an inert atmosphere for
24 h. The reaction product was first filtered, washed with methanol
and subsequently dispersed in 200 mL of 1 M HCl for 1 h to elim-
inate the catalyst. Then, the solid was filtered again and washed
extensively with methanol using a Soxhlet extractor for 24 h. The
recovered paste-like material was dried under vacuum at 353 K
for 12 h.

In order to study the effect of the precursor, the addition of GO
and the amount of catalyst on the properties of the resulting poly-
mers, three series of materials were synthesised:

� The first series of materials was synthesised using carbazole as a
precursor in the presence of different amounts of catalyst. The
amounts used in each reaction were 50, 10 and 10 mmol for
the carbazole with 100, 10 and 2 mmol of FeCl3, respectively.
The molar amount of crosslinker, dimethoxymethane, was
twice that of the precursor for all syntheses. Thus, the
monomer/catalyst/crosslinker molar ratios studied here were
1:2:2; 1:1:2 and 1:0.2:2, respectively).

� The second series of materials was prepared using different
monomers: anthracene (A), benzene (B), carbazole (C) or diben-
zothiophene (D) as precursors using monomer/FeCl3/dimethox-
ymethane molar ratios of 1:1:2 (i.e., 10/10/20 mmol).

� The third series was prepared by adding GO to the synthesis
medium. First, graphite oxide was produced from natural gra-
phite powder (Sigma-Aldrich) by the Hummers method
[48,49]. After purification with a 1% HCl solution and large vol-
umes of deionised water, the oxidised product was filtered and
dried at 333 K for 12 h under vacuum. Then, 50 mg of GO was
dispersed in 100 mL of 1,2-dichloroethane and sonicated for
30 min under an inert atmosphere (nitrogen). The rest of the
synthesis conditions were kept unchanged. In this series, mono-
mer/FeCl3/dimethoxymethane of molar ratios of 1:1:2 were
used.

The synthesised samples were labelled ZxFeyM2x, where Z cor-
responds to monomer A, B, C or D for anthracene, benzene, car-
bazole or dibenzothiophene, respectively, and x, y and 2x
correspond to the molar ratios of monomer, FeCl3 (referred to as
Fe) and dimethoxymethane (referred to as M), respectively, used
in the synthesis.
2.2. Characterisation of HCPs and HCP-GO composites

Thermogravimetric (TG) analysis of the samples was performed
in a CI Electronics microbalance under argon and air atmosphere



Fig. 1. Schematic diagram of the synthetic route to hyper-crosslinked polymers (HCPs). The monomers used were anthracene (A), benzene (B), carbazole (C) and
dibenzothiophene (D).
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(flow rate 50 mL min�1) by increasing the temperature at a rate of
10 K min�1 up to 1223 K, where a dwell time of 1 h was set. Ele-
mental analysis (EA) of the HCPs and composites was carried out
in an Elementar Vario EL Cube analyser to determine the contents
of oxygen, hydrogen, carbon, nitrogen and sulphur.

In order to study the microstructural changes of the samples
upon addition of GO, selected samples were characterised by scan-
ning electron microscopy (SEM) in a Zeiss Auriga 40 FIB-SEM with
secondary electron detector at low accelerating voltage (1 kV).

The skeletal density of the samples was determined by He pyc-
nometry in a Micromeritics� AccuPyc II 1340 apparatus at room
temperature. Prior to measurement, the samples were outgassed
at 353 K under primary vacuum overnight. The tapped density of
the samples was determined in a Quantachrome� Autotap instru-
ment. For this purpose, after outgassing the samples at 353 K under
primary vacuum overnight, a volume of approximately 4 mL of
solid was poured into a 10 mL measuring cylinder and mechani-
cally tapped 5000 times. The determination was repeated twice
and if a variation of>5% was observed, a third determination was
performed. The tapped density was calculated as the mass of the
sample divided by the bed volume averaged over two (or three)
tapping experiment determinations.

Textural characterisation of the HCPs and their composites was
performed by N2, CO2 and H2 physisorption, at 77, 273 and 77 K,
respectively, in a Micromeritics� 3-flex manometric apparatus.
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Prior to the gas adsorption experiments, the samples were out-
gassed under secondary vacuum (<10�4 Pa) at 333 K for>24 h. This
temperature was chosen to ensure that the sample would not
degrade during outgassing. Although the samples are stable up to
523 K under atmospheric pressure (105 Pa), according to our expe-
rience, degradation could start at 353 K under secondary vacuum
(<10�4 Pa). The BET area (ABET) was calculated from the N2 iso-
therms using the Micromeritics� Microactive software and taking
into account the Rouquerol criterion [50]. The 2D non-local density
functional theory for heterogeneous surfaces (2D-NLDFT-HS) was
applied to both N2 + CO2 and N2 + H2 isotherms using the SAIEUS�

software (Micromeritics) to obtain the pore size distributions
(PSDs) of HCPs and their composites [51-53]. From their PSDs,
we obtained the specific surface area (SNLDFT), and the volumes of
ultramicropores (V<0.7,NLDFT), supermicropores (V0.7-2,NLDFT), meso-
pores (Vmes), as well as the total pore volume (VT). It is worth men-
tioning that we used the kernels developed for carbon materials, as
there are no kernels explicitly dedicated to HCPs.

2.3. Hydrogen adsorption at high pressure

The two materials with the highest specific surface areas, an
HCP and an HCP-GO composite, were selected for high-pressure
hydrogen adsorption testing at 77 K and up to 14 MPa, using a
Micromeritics� HPVAII instrument coupled to a single-stage closed
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cycle cryogenic refrigerator using a He compressor to produce the
cold temperatures. About 0.8 g of sample was outgassed under vac-
uum (6 � 10-4 Pa) at 333 K overnight, prior to measurement. After
the first H2 adsorption (up to 14 MPa) – desorption isotherms, four
more consecutive adsorption–desorption isotherms were carried
out on the same samples. After the first cycle, the samples were
outgassed in the measuring port at room temperature under vac-
uum (6 � 10-4 Pa) for 12, 33, 50 and 72 h, for the second, third,
fourth and fifth isotherms, respectively.

3. Results and discussion

3.1. Thermal stability of the HCP materials

Fig. 2 shows thermogravimetric (TG) curves in air (a – c), in
argon (d – f), and the corresponding differential thermogravimetric
(DTG) curves in argon (g – i) for HCPs synthesised: I) from car-
bazole with different amounts of catalyst, II) from different precur-
sors at a fixed amount of catalyst, and III) from carbazole with
different ratios of GO.

The TG curves in air exhibit a similar behaviour for all samples
and no change in the mass of the material is noticed below 533 K. A
slight gain in weight is observed between 533 K and 673 K, which
may be due to the oxidation of the HCPs, consistent with what has
been observed in other studies [54,55]. Degradation of the HCPs in
air takes place at temperatures above 673 K up to 873 – 923 K. The
low residual mass (<4 wt%) observed at 1223 K in air could be
explained by the remaining iron oxides from FeCl3 (Fig. 2a, b and
c). Under Ar atmosphere, the samples showed a different beha-
viour depending on the synthesis conditions, but a high thermal
stability was observed and high residue yields (>63 wt%) at
1223 K were obtained in all cases (Fig. 2d, e and f). This high sta-
Fig. 2. TG in air and in Ar, and DTG in Ar for: I) the C-HCPs synthesised with differen
synthesised from different precursors (C1Fe1M2, A1Fe1M2, D1Fe1M2, and B1Fe1M2)
C1Fe1M2-GO, C0.5Fe0.5 M1-GO) (c, f and i).
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bility at high temperature, typically up to 673 K both in air and
under Ar atmosphere, is in good agreement with the results
reported for other HCPs in the literature [56-58] and is evidence
of a high degree of crosslinking [58-60].

The specific temperatures at which weight losses take place can
be better appreciated in the DTG curves (Fig. 2g, h and i). The first
weight loss, observed for all HCPs (line 1 in the plots), occurs
between 313 and about 413 K and could be attributed to the
release of moisture and evaporation of some of the solvent remain-
ing in the pore network [27,57,61]. In the case of carbazole-derived
HCP a second weight loss (line 2 in the plots) takes place between
533 and 693 K and could be attributed to the loss of terminal
hydroxymethyl groups that are bonded to a only one aromatic ring
(i.e., dimethoxymethane – derived moieties that did not complete
the cross-linking reaction) and also to the evaporation of molecules
of carbazole (boiling point 630.7 K) that did not react and remained
trapped in the porosity. Finally, the third weight loss (line 3 in the
plots) occurs between 753 and 1113 K, with a maximum at 860 K,
and it could be attributed to polymer degradation. An almost con-
stant weight loss is observed for all three samples up to 1223 K,
which could be assigned to aromatisation-condensation reactions,
loss of chemical functions due to dehydrogenation reactions,
among others, as reported in previous studies [62-64]. The yields
at 1223 K on dry basis (calculated with respect to the mass at
423 K, after the first weight loss) were 70, 75 and 75 wt% for
C1Fe2M2, C1Fe1M2 and C1Fe0.2 M2, respectively (Fig. 2d). Higher
catalyst to monomer molar ratios produced a very fast polymerisa-
tion rate, with complete polymer formation within a few minutes
after addition of the catalyst, which most probably led to the for-
mation of a large number of shorter and more disorganised poly-
mer chains. The latter could explain the lower carbonisation
yield of the C1Fe2M2 sample compared to the other HCPs prepared
t amounts of catalyst (C1Fe2M2, C1Fe1M2 and C1Fe0.2 M2) (a, d and g); II) HCPs
(b, e and h); and III) C-HCPs synthesised with different ratios of GO (C1Fe1M2,
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with lower amounts of catalyst. Furthermore, although the yields
on dry basis of samples C1Fe1M2 and C1Fe0.2 M2 are similar,
the former loses less weight in the polymer degradation step (line
3). For this reason, we selected the precursor/FeCl3 molar ratio of
1:1 for the following experiments.

Fig. 2e and h shows the TG and DTG curves in Ar of HCPs pre-
pared using different precursors and with a precursor/catalyst
molar ratio of 1:1. The final yields at 1223 K on dry basis were
63, 67, 75, 76 wt% for samples A1Fe1M2, B1Fe1M2, C1Fe1M2 and
D1Fe1M2, respectively. The thermal stability of the HCPs followed
the same order. Thus, the temperature of the maximum weight
loss rate of degradation step of these HCPs was 761 K for the
anthracene-derived HCP (line 5 in Fig. 2h), 808 K for the
benzene-derived one (line number 6) and 860 K for polymers pre-
pared using carbazole and dibenzothiophene (line number 3). As
discussed above, the higher the thermal stability of the materials,
the greater the degree of crosslinking that can be expected from
them [60]. The latter may be related to the different reactivity of
these monomers in electrophilic aromatic substitution reactions.
Carbazole and dibenzothiophene are p-electron donating aromatic
compounds due to the unshared electron pair of their heteroatom,
which substantially stabilises the cationic intermediate in the elec-
trophilic aromatic substitution reaction, making these monomers
more reactive [65]. In the case of anthracene, although it is slightly
more reactive than benzene in the electrophilic aromatic substitu-
tion, because polymerisation takes place very rapidly once the cat-
alyst is added, the greater steric hindrance of the former may lead
to a lower degree of crosslinking in the final HCP [63].

Finally, Fig. 2f shows the thermal degradation of carbazole-
based HCP synthesised in the presence of different GO ratios. No
substantial change in the weight loss profile and in the final yield
at 1223 K on dry basis (75 wt%) was observed when the TG mea-
surement of the C1Fe1M2, C1Fe1M2-GO and C0.5Fe0.5 M1-GO
samples was performed under Ar. Therefore, the addition of GO
does not seem to affect the thermal stability of the HCPs, which
may indicate that a similar degree of crosslinking was achieved
and that the presence of GO did not significantly alter the reaction
path. The only differences observed in the DTG curves (Fig. 2i) are
between 373 and 573 K (lines 8 and 9, respectively) and could be
attributed to the loss of adsorbed water and of labile oxygen-
containing functional groups from GO, in good agreement with
the literature [49,66,67].
Fig. 3. a) Heteroatoms content of the HCPs and HCP-GO composites; b) V
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3.2. Composition of the HCP materials

The oxygen, hydrogen, carbon, nitrogen and sulphur content of
the HCPs and HCPs-GO, determined by elemental analysis, is
reported in the supporting information (Table S1). High purity of
the samples was observed, as>98.3 wt% was attributed to their
expected elemental composition: O, H, C and the heteroatoms (N
or S). The unknown composition of the remaining 1.7 wt% could
be attributed to iron oxides, among others. The discrepancy
between the final yield after complete calcination in air by TG anal-
ysis (<4 wt%) and the elemental analysis results can be ascribed to
measurement errors, or to the fact that the latter technique is per-
formed at a higher temperature (1973 K) than that of the TG tech-
nique (1223 K). Thus, it is likely that the ash composition differs
between the two techniques.

The carbon and hydrogen contents of the materials were in the
ranges of 76–88 and 3.5–5.0 wt%, respectively. Fig. 3a shows the
heteroatom content of the HCPs and HCPs-GO. As expected, nitro-
gen (~6–7 wt%) and sulphur (~17 wt%) were found in the
carbazole- and dibenzothiophene-derived HCPs, respectively. The
oxygen content in the carbazole-derived HCPs was 12.7, 8.0 and
8.8 wt% for C1Fe2M2, C1Fe0.2 M2, and C1Fe1M2, respectively. As
oxygen is sourced from the crosslinker (dimethoxymethane), a
higher percentage of oxygen would indicate that the polymer net-
work has a larger amount of incomplete crosslinks (in the form of
methoxymethyl moieties), which in turn would be consistent with
lower residue yields at 1223 K as seen by TG analysis under Ar
(Fig. 2d). The oxygen content is therefore inversely related nega-
tively correlated to the thermal stability of the samples.

The O/C and H/C atomic ratios for the HCPs, HPCs-GO and pre-
cursors used were plotted in a Van Krevelen-type diagram [68,69]
(Fig. 3b), those of the monomers being calculated from their
molecular formulae. The H/C atomic ratio of the HCPs and HCP-
GO composites decreased significantly compared to their precur-
sors, which is consistent with the formation of chemical crosslinks
by Friedel-Crafts alkylation according to the literature [68].

In the series of HCPs prepared from different precursors, the
oxygen content was 2.8, 8.1, 8.8 and 11.0 wt% for D1Fe1M2,
B1Fe1M2, C1Fe1M2 and A1Fe1M2, respectively. This is consistent
with their thermal stability, since samples with higher oxygen con-
tent could have a larger extent of incomplete crosslinks. Fig. 3b
shows that the O/C ratio increased for the carbazole-,
an Krevelen diagram for the precursors, HCP and HPC-GO materials.



P. Ramirez-Vidal, Fabián Suárez-García, Rafael L.S. Canevesi et al. Journal of Colloid and Interface Science 605 (2022) 513–527
dibenzothiophene- and anthracene-based HCPs when GO was
incorporated, due to the high oxygen content of the GO added
[68]. The O/C ratio was slightly reduced for the benzene-derived
HCP when GO was added and this is tentatively attributed to
experimental error. Further additions of GO, in the range of 0.05
to 1.00 g, showed that the O/C ratio increased with the amount
of GO, in good agreement with other HCPs prepared from different
precursors. The latter results, not presented here, will be the sub-
ject of a future study.

3.3. Morphology of the HCP materials

Fig. 4 shows SEM images of HCPs synthesised using carbazole as
a precursor (C1Fe1M2) and their HCP-GO composites (C1Fe1M2-
GO and C0.5Fe0.5 M1-GO). The materials synthesised without the
addition of GO are largely obtained in the form of uniformly sized
microspheres with diameters somewhat below 1 lm (Fig. 4a), in
good agreement with previous results reported elsewhere [22,70].

The addition of GO to the reaction medium at a relatively high
reactants to GO ratio (i.e., sample C1Fe1M2-GO) led to the forma-
tion of more polydisperse HCP spheres, with diameters typically
ranging between 0.1 and 1.5 mm (Fig. 4b). When the reactants to
GO ratio is decreased (sample C0.5Fe0.5 M1-GO, Fig. 4c), the poly-
mer spheres become again more uniform in size, but their diame-
ter is smaller than that of their GO-free counterpart (typically
somewhat below 0.5 mm). While it is obvious that the presence
Fig. 4. SEM images of carbazole-derived HCPs at different magnific
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of GO sheets has an impact on the morphological characteristics
of the HCP products, the origin of such an effect is not immediately
apparent. As a plausible explanation, we note that in the presence
of GO, a spatially confined reaction volume formed by neighbour-
ing GO sheets must be generated throughout the synthesis med-
ium. In these confined volumes, the supply of precursor to
generate HCP spheres is expected to be limited to an extent deter-
mined by the actual size of these confined volumes, which in turn
are defined by the distance between neighbouring GO sheets.
Because the sheets cannot be expected to be evenly spaced in
the reaction solvent, and thus confined reaction volumes of differ-
ent sizes are present, HCP spheres of different sizes will be gener-
ated (e.g. sample C1Fe1M2-GO). If the total amount of precursors is
reduced (sample C0.5Fe0.5 M1-GO), their supply will be limited
even in the largest confined volumes, so that the size of the result-
ing HCP spheres should be drastically decreased, as was actually
observed.

3.4. Porous texture of the HCP materials

Fig. 5 and Figure S1 show the results of pore texture character-
isation of the HCPs prepared from different precursors (A1Fe1M2,
B1Fe1M2, C1Fe1M2 and D1Fe1M2) and using different amounts
of catalyst (C1Fe2M2, C1Fe1M2 and C1Fe0.2 M2). The derived pore
texture parameters are presented in the supporting information
(Table S2). The shape of the N2 isotherms remained the same when
ations: a) C1Fe1M2, b) C1Fe1M2-GO and c) C0.5Fe0.5M1-GO.



Fig. 5. Textural characteristics of A1Fe1M2, B1Fe1M2, C1Fe1M2 and D1Fe1M2: a) N2 adsorption–desorption at 77 K (full and empty symbols stand for adsorption and
desorption, respectively); b) Surface areas ABET and SNLDFT N2-H2, and pore volumes (ultramicropores (<0.7 nm), supermicropores (0.7–2 nm) and mesopores (2–50 nm))
deduced from NLDFT applied to N2 + H2 isotherms; c) PSDs from the NLDFT 2D fitting of both N2 and H2 isotherms; d) cumulative pore volumes from the same N2-H2 NLDFT
2D fitting.
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the amount of catalyst was changed for the carbazole-based HCPs
(Figure S1). A more developed porous texture was observed in
sample C1Fe1M2 compared to C1Fe2M2 and C1Fe0.2 M2. For
carbazole-based HCPs, ABET and SNLDFT ranged from 695 to
757 m2 g�1 and from 834 to 1132 m2 g�1, respectively, with the
highest values being measured for C1Fe1M2 due to its higher per-
centage of ultramicropores (>51 %) and supermicropores (>24 %)
(Figure S1). The total pore volume as well as the mesopore and
micropore volumes increased in the order C1Fe2M2 < C1Fe0.2 M2
< C1Fe1M2, which is also the order of the increase in the degree of
crosslinking observed by TG analysis (Fig. 2).

Fig. 5a shows the N2 adsorption–desorption isotherms at 77 K
for the HCPs prepared from different precursors. In agreement with
other studies [71-73], the hysteresis cycle did not close at low
pressures in all cases, which can be attributed to swelling [72,74]
due to some elasticity of the HCPs or to diffusion limitations in
the narrow micropores [71]. In the first case, it is assumed that
the HCPs have a flexible structure, which can lead to the formation
of new pores or the enlargement of pre-existing pores when the
amount of gas inside them increases (swelling) [75]. Therefore a
dual-mode sorption occurs: once the pre-existing pores are filled
prior to swelling, the latter takes pace and produces an additional
adsorption, which is proportional to the pressure [72,74]. The sec-
ond possibility to explain the phenomenon is to consider that there
are diffusional problems associated with the microporous mor-
phology due to restricted filling of pre-existing pores [71].
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The carbazole and dibenzothiophene-based HCPs (C1Fe1M2
and D1Fe1M2) exhibited type Ib isotherms, according to the IUPAC
classification [76] (Fig. 5a), indicating well developed microporos-
ity with ultramicropores but also a high percentage of supermicro-
pores (Fig. 5b and c). The percentage of micropores was 75 % for
C1Fe1M2 and D1Fe1M2, of which approximately two thirds were
ultramicropores (Fig. 5b). The high amount of micropores in
C1Fe1M2and D1Fe1M2 samples was consistent with their high
thermal stability (Fig. 2e) which, as seen previously, is an indica-
tion of the degree of crosslinking [60]. The anthracene-derived
HCP sample, A1Fe1M2, also showed well-developed microporosity
(67 %) but its corresponding N2 adsorption isotherm increased
almost linearly at medium and high relative pressures. In addition,
a large hysteresis at low pressure is observed (Fig. 5a). The
benzene-derived HCP sample, B1Fe1M2, showed a combined type
Ib + type IV isotherm shape with a non-reversible H4 hysteresis
loop type, indicating a large mesopore fraction (Fig. 5a). Its per-
centage of microporous volume was only 44 %, of which more than
half corresponded to supermicropores (Fig. 5b). The high fraction
of mesoporous volume in B1Fe1M2 is an unexpected but consis-
tently observed result, which will be examined thoroughly in
future studies. The percentage of mesoporous volume was 24, 25,
35 and 56 % for C1Fe1M2, D1Fe1M2, A1Fe1M2 and B1Fe1M2,
respectively.

Fig. 5c and d show the PSDs and the cumulative pore volumes,
respectively, of samples A1Fe1M2, B1Fe1M2, C1Fe1M2 and
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D1Fe1M2. All samples presented a bimodal PSD with a first domi-
nant peak in the range of 0.3–0.9 nm and a second peak in the
range of 0.9–5.7 nm (Fig. 5c). The average micropore and pore sizes
were in the ranges of 0.72–0.89 and 2.41–8.09 nm, respectively
(Table S2) and increased in the order
C1Fe1M2 < D1Fe1M2 < A1Fe1M2 < B1Fe1M2. Figure S2 shows
the CO2 isotherms obtained at 273 K. The CO2 uptake decreased
in the order C1Fe1M2 > A1Fe1M2 > B1Fe1M2 > D1Fe1M2. As CO2

adsorption gives a good assessment of pores smaller than 1 nm,
the total CO2 adsorption correlates quite well with the ultramicro-
pore volume (0.23, 0.21, 0.16, 0.19 cm3 g�1 for C1Fe1M2, A1Fe1M2,
B1Fe1M2 and D1Fe1M, respectively) except for B1Fe1M2 that has
developed supermicroporosity (i.e., pore diameters between 0.7
and 2 nm). Furthermore, this could be attributed to the swelling
of the B1Fe1M2 sample in the presence of CO2, as reported by
Lee et al. [77].

The values of ABET were between 701 and 1036 m2 g�1 and those
of SNLDFT between 971 and 1137 m2 g�1 (Fig. 5b). The ABET values of
the HCPs are in line with those reported in the literature
[18,19,78]. Higher specific surface areas were obtained when the
2D-NLDFT-HS method was employed compared to the BET method
(see Table S2 and Table S3 in the Supporting Information). This can
be attributed to a better quantification of the narrowest microp-
ores by the 2D-NLDFT-HS method, as it was achieved by simulta-
neously fitting N2 and either CO2 or H2 adsorption data [53,79-
84]. Although the kinetic diameters of N2 and CO2 are similar
(0.36 and 0.33 nm, respectively), CO2 physisorption is a process
that occurs at a much higher temperature (273 K) compared than
N2 physisorption (77 K). Consequently, CO2 diffuses much faster
than N2 and is adsorbed in pores where N2 cannot enter within
the set equilibrium times [51,85]. The other approach proposed
to overcome the problems of N2 diffusion at 77 K into the microp-
ores is the use of H2 adsorption experiments [83]. Having a smaller
kinetic diameter (0.29 nm), H2 can access to the narrowest pores.
However, higher specific surface areas and supermicropore vol-
umes were measured with the N2-CO2 pair, which could be related
to specific interactions between CO2 and HCPs [86,87], resulting in
the swelling of HCPs [72,77].

Fig. 6 reports results of the textural characterisation of the third
series of materials, and specifically, when GO was added to the
benzene-based HCPs. Fig. 6a shows that the shape of the N2 iso-
therms was only slightly modified by the addition of GO and that
this change was limited to a reduction in adsorbed volume at p/
p0 < 0.1, whereas in the p/p0 range of 0.1 to 0.6, a slightly steeper
slope was observed. These changes indicate a reduction in microp-
ore volume and an increase in mesopore volume upon addition of
GO. Figure S3 shows the N2 adsorption–desorption isotherms for
the HCPs prepared from different precursors after addition of GO.
Anthracene-based HCPs showed similar trends to those of
benzene-derived materials, while HCPs derived from carbazole
and dibenzothiophene only showed a reduction in microporosity
without noticeable change in mesoporosity. CO2 and H2 uptakes
also decreased when GO was added (Fig. 6b, c and Figure S4), indi-
cating a reduction in pores below 1 nm. In general, the synthesised
materials exhibited a minor change in specific surface area, as the
variations of ABET and SNLDFT, N2-H2 were about 10 % and 15%,
respectively, when GO was incorporated into the polymerisation
medium (Table S2 and Table S3).

The PSDs for all samples and hydrogen isotherms at 77 K and up
to 0.1 MPa are shown in Figure S6 and Figure S5, respectively. All
the materials exhibited a bimodal PSD (Figure S5), although the
average micropore size increased slightly (<6%) for all precursors
after addition of GO. This finding is in good agreement with the
changes observed in the N2 and CO2 isotherms.

Minor changes in the specific surface area and shape of the N2

isotherms at 77 K were also reported by Castaldo et al [46] when
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GO was added to the polymerisation medium of styrene-based
HCPs. These HCP composites exhibited values of ABET in the range
of 170–1910 m2 g�1 with a slight increase in micropore fraction
(3–14 %) and a reduction in total pore volume (10–16 %) when
GO was incorporated. Their change in textural properties was
attributed to the increase in crosslinking reactions through the
interaction of GO with the functional groups in the styrene-based
materials. However, because the textural characterisation was only
performed using N2 adsorption data at 77 K, it is possible that GO-
induced changes in micropore volume were not properly assessed.
Although the textural properties of the materials synthesised here
are similar to those reported in the literature [45,46], the addition
of the GO using the knitting method followed in this study has the
advantage of being less time-consuming as it is a one-step reaction
that does not require prior pre-polymerisation.

3.5. H2 and CO2 storage capacities at atmospheric pressure

Most studies provide storage capacities per gram of sorbent, but
storage capacities per unit volume are a much more significant
parameter when considering practical applications [10,88]. The
tapped and skeletal densities of the samples are reported in
Table S4. Figure S7a shows the tapped density of the samples
before and after addition of GO. Carbazole- and benzene-based
HCPs showed an increase in tapped density upon addition of GO,
but no clear trend was observed with the other two precursors
studied here.

Fig. 7a shows that the hydrogen uptake on gravimetric basis at
77 K and 0.1 MPa follows a linear relationship when it is fitted
through the origin at (0,0) with SNLDFT N2-H2 (R2 = 0.99), whereas
a lower R2 of 0.78 was determined when the hydrogen uptake
was plotted as a function of ABET (Figure S7). This shows that the
surface area calculated by the BET method from the N2 isotherms
did not correctly characterise the porosity involved in H2 adsorp-
tion. However, by simultaneously combining the N2 and H2 iso-
therms using the NLDFT method, the porosity where hydrogen is
adsorbed (i.e., the narrowest micropores) was adequately
determined.

Fig. 7b shows the H2 volumetric uptake capacities as a function
of SNLDFT N2-H2 for all samples. Although B1Fe1M2 has a higher H2

uptake on a gravimetric basis than C1Fe1M2, the latter sample
adsorbed 1.4 times more H2 when storage capacities were reported
on a volumetric basis due to its much higher tapped density
(0.13 g cm�3) compared to that of B1Fe1M2 (0.06 g cm�3). The
sample with the highest volumetric H2 uptake was C1Fe1M2-GO
(3.3 g L-1).

Fig. 8 shows the H2 and CO2 uptakes at 77 K and 273 K, respec-
tively, both at 0.1 MPa, as a function of ABET for our materials (see
the corresponding data in Table S4) and other HCPs reported in the
literature [18,20-22,30-39,89-92] (see data in Table S5). In the lat-
ter Table, the synthesis conditions and textural parameters are also
given. Although better fitting coefficients were obtained when the
H2 uptake was plotted against SNLDT N2-H2, ABET was used to make a
more representative comparison with the data reported in the lit-
erature. Our materials showed average H2 and CO2 capacities and a
linear trend similar to that shown by materials reported in the
literature.

3.6. High-pressure H2 adsorption

Since benzene-derived HCPs showed the highest VT (see Fig. 5d
and Tables S2 and S3) and H2 uptake is directly proportional to VT

at high pressure[93], samples B1Fe1M2 and B1Fe1M2-GO were
selected for studying their high-pressure hydrogen adsorption.
Fig. 9a shows the H2 adsorption at 77 K and at pressures up to
14 MPa on sample B1Fe1M2, where the repeatability of the mea-



Fig. 6. Textural characteristics of the benzene-derived HCP samples: a) N2 adsorption–desorption isotherms at 77 K; b) CO2 adsorption–desorption isotherms at 273 K; c) H2

adsorption isotherms at 77 K and up to 0.1 MPa; d) cumulative pore volume from the NLDFT fitting of N2 and H2 isotherms. In a), b) and c), full and empty symbols stand for
adsorption and desorption, respectively.

Fig. 7. a) H2 uptake per mass (wt. %) and per volume (g L-1) as a function of the surface area SNLDFT N2-H2, at 77 K and 0.1 MPa.
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Fig. 8. a) H2 uptake at 77 K and 0.1 MPa; and b) uptake at 273 K and 0.1 MPa of our materials (green hexagons) and other materials reported in the literature ( [20], [18],
[21], [34], [32], [33], [30], [31], [35], [36], [92], [38], [89], [37], [22], [39], [90], [91]). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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surement was studied. For this purpose, we carried out 3 consecu-
tive adsorption–desorption measurements with a 12 h outgassing
step under secondary vacuum and heating at 333 K for the first
adsorption, and without heating for the outgassing before the fol-
lowing consecutive isotherms. The isotherms were thus labelled
12 h-1, 12 h-2 and 12 h-3, i.e., in increasing numerical order as
they were measured. Hydrogen adsorption was repeatable with
an average variation of 3% over a pressure range of 0.1–10 MPa.
However, differences from one isotherm to another were found
and increased up to 13 % in the pressure range between 10 and
14 MPa.

Fig. 9b compares the first of the previous isotherms with those
obtained after outgassing for 72 h (isotherm labelled 72 h-4), 33 h
(labelled 33 h-5) and 72 h (labelled 72 h-6). Higher H2 uptake was
observed when longer outgassing times were used and thus the
measured capacity for the 72 h-4 sample is higher than that of
samples outgassed for 12 h (12 h-1, 12 h-2 or 12 h-3). This could
be attributed to swelling [72,74], as the pores can indeed be
enlarged during outgassing under secondary vacuum due to the
elasticity of the HCPs. An argument in favour of swelling is that
the changes occur at pressures above 4 MPa. If the longer out-
gassing time had an effect on the better degassing of very narrow
pores [71], differences would have been observed at pressures
below 4 MPa [94]. Figure S8a-b shows a zoomed-in capture con-
firming that minor differences in hydrogen adsorption are
observed at pressures below 4 MPa. We can also observe that, after
the first outgassing for 72 h, the hydrogen capacities decrease in
the order 72 h-4 > 33 h-5 > 72 h-6. Therefore, successive
outgassing-adsorption–desorption cycles would irreversibly mod-
ify the HCPs.

Fig. 9c shows three consecutive H2 adsorption–desorption iso-
therms at 77 K in the pressure range 0.1–14 MPa on B1Fe1M2-
GO when the same sample was outgassed firstly for 12 h before
performing the first adsorption–desorption cycle (12 h-1), for
50 h before doing the second adsorption–desorption cycle (50 h-
2), and for 12 h before doing the third adsorption–desorption cycle
(12 h-3). A significant reduction in hydrogen uptake was observed
522
in the second cycle after 50 h of outgassing, and the hydrogen
capacity was further reduced in the third adsorption–desorption
cycle (12 h-3). The addition of GO appears to have a detrimental
effect on the mechanical properties of the HCPs and on the hydro-
gen storage capacities of the materials when expressed on a mass
basis, as the H2 excess uptakes were 2.1 and 2.0 wt% for B1FeM2
and B1FeM2-GO, respectively, in the first adsorption–desorption
cycle at 4 MPa and 77 K. However, when reported on a volumetric
basis, the excess H2 uptakes were 1.2 and 3.3 g L-1 for B1FeM2 and
B1FeM2-GO, respectively. Therefore, the addition of GO seems to
be beneficial in modifying the morphology of the composites,
allowing a higher tapped density and ultimately a higher H2 uptake
relative to the sample volume. This clearly demonstrates that, for
practical applications, volumetric capacity and not gravimetric
capacity should be considered, and that the use of mass capacities
alone can lead to misleading conclusions.

Fig. 10a, b and Figure S9 show the textural characterisation of
samples B1FeM2 and B1FeM2-GO before and after H2 adsorption
at high pressure. The N2 isotherms of the samples before and after
H2 adsorption at high pressure reveal the change in PSD of the
samples (Figure S9a-b). For sample B1Fe1M2 (Figure S9a), the
total N2 adsorbed (at p/p0 = 0.97) remained almost the same
(8.4% increase) but changes are observed in the shape of the N2 iso-
therm. For p/p0 < 0.7, the amount of N2 adsorbed decreased
whereas for p/p0 > 0.7, it increased compared to the sample before
H2 adsorption at high pressure. This is evidence of a reduction in
the narrowest pores and an increase in the widest ones after H2

adsorption at high pressure. In line with these results, a reduction
in H2 uptake at low pressure (up to 0.1 MPa) was observed when
comparing the data after and before subjecting the sample
B1Fe1M2 to H2 at high pressure (Figure S9c). This could be due
to the merging of micropores into larger pores that are less prone
to overlapping adsorption potentials of their pore walls.

The PSDs of B1Fe1M2 obtained from the 2D NLDFT before and
after high-pressure cycles of H2 adsorption are plotted in Fig-
ure S9e. The ultramicroporous, supermicroporous and mesoporous
volumes after high-pressure H2 adsorption were 0.14, 0.18 and



Fig. 9. Hydrogen adsorption at 77 K, for pressures between 0.1 and 14 MPa, for the samples: a) B1Fe1M2 after 12 h outgassing; b) B1Fe1M2 after 12, 72, 33 and 72 h
outgassing; c) B1Fe1M2-GO after 12, 50 and 12 h outgassing; d) B1Fe1M2 and B1Fe1M2-GO after the first 12 h outgassing.
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0.61 cm3 g�1, respectively. This implies a reduction of 13.9 and
14.7 % in the ultramicroporous and supermicroporous domain
compared to the pristine sample, in good agreement with previous
results. On the contrary, an increase of 25 % was observed in the
mesoporous volume, and the total cumulated volume was
increased by 8 %.

Figure S9b shows the N2 adsorption–desorption isotherms on
B1Fe1M2-GO before and after high-pressure cycles of H2 adsorp-
tion. No shape changes were observed, except for a reduction in
the amount of adsorbed gas over the entire p/p0 range. In good
agreement with these results, a reduction in H2 uptake at low pres-
sure (up to 0.1 MPa) was observed in Figure S9d when comparing
the B1Fe1M2-GO sample before and after high-pressure cycles of
H2 adsorption. Figure S9f shows the corresponding PSDs, from
which we calculated that the ultramicroporous, supermicroporous
and mesoporous volumes were reduced by 5, 15 and 7 %, respec-
tively, with a 9 % reduction in total pore volume (Figure S9b). After
the H2 compression cycles performed on the B1Fe1M2 and
B1Fe1M2-GO samples, a reduction of 10 and 20 % was observed
in their ABET values, and 12 and 5 % in their SNLDFT N2-H2, values,
respectively.

For comparison, Fig. 10b shows the H2 uptake for different HCPs
from the literature at 77 K and in a pressure range of 1–4 MPa. The
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colours purple and orange were used to represent absolute
[40,42,77,95] and excess [31,41,43,96] hydrogen uptakes, respec-
tively. Solid symbols indicate HCPs and HCP-composites while
empty symbols represent activated carbons (ACs) derived from
HCPs. The plotted data are shown in Table S6. So far, the reported
hydrogen excess adsorption capacity at 77 K and high pressure are
between 1.4 and 2.3 wt% and reaches 3.7 wt% of absolute adsorp-
tion capacity for HCPs and their composites with specific surface
areas between 760 and 1904 m2 g�1 (Fig. 10b). The current record
of H2 absolute uptake in HCPs is 3.7 wt% at 77 K and 1.5 MPa for an
HCP synthesised by self-condensation of bischloromethyl mono-
mers [42]. At high pressure, hydrogen uptake in HCPs and HCP-
derived ACs increases linearly with ABET (R2 = 0.90) as observed
for other porous materials [12,13]. H2 adsorption on porous mate-
rials at high pressure and cryogenic conditions follows the so-
called Chahine rule of thumb [97], which enounces that the H2

uptake increases at a rate of 1 wt. % per 500 m2 g�1 of BET surface
area. In Fig. 10b, it is observed that for HCPs with low surface areas,
the H2 uptakes are higher than expected for their ABET according to
the Chahine rule (black dashed line). This could be attributed to the
well-known underestimation of the specific surface area of HCPs.
As discussed in section 3.4, the BET theory underestimates the
specific area regarding the narrowest pores (<0.7 nm) [51,85].



Fig. 10. a) Cumulated pore volumes Vcum (cm3 g�1) for samples B1Fe1M2 and B1Fe1M2-GO before and after high-pressure cycles of H2 adsorption; b) comparison of the
obtained excess H2 uptakes for samples B1Fe1M2 ( ) and B1Fe1M2-GO ( ) and the data reported from the literature at 77 K in the pressure range 1–4 MPa ( [40],
[95], [77], [42], [41], [31], [43], [96]). Full and empty symbols indicate HCPs and activated carbons (ACs) synthesised from HCPs, respectively.
Absolute and excess uptakes from the literature are plotted in purple and orange, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Therefore, a better correlation of the H2 uptake at 77 K and high
pressures with the SNLDFT N2-H2 could be expected, but SNLDFT N2-

H2 data are not available in the literature. Indeed, we observed here
a better correlation with the H2 uptake at atmospheric pressure
and 77 K with the SNLDFT N2-H2 (R2 = 0.99) than with ABET

(R2 = 0.78) (see section 3.5). Furthermore, the HCP-derived ACs
show lower uptakes than expected for their ABET according the
Chahine’s rule. This is due to the fact that the BET theory overesti-
mates the surface area of ACs having a large fraction of supermi-
cropores (0.7–2 nm), since N2 uptake proceeds by pore filling and
not by monolayer adsorption [82].

Deformation of HCPs at high pressure (>4 MPa) has not been
reported previously in the literature and this could be due to the
fact that H2 adsorption–desorption isotherms were mainly per-
formed up to moderate pressures: up to 1–1.5 MPa [42,77,95],
2 MPa [43,96] or 3 MPa [31], and no cycling has been reported.
As far as we know, there is only one study where higher pressures
(10 MPa), close to those used in this study (14 MPa), have been
used but no cycling was reported [41]. When cycling of H2 iso-
therms has been reported, adsorption has been carried at lower
pressures (1–1.5 MPa) where the irreversibility of the phenomenon
is not apparent [40], as it also occurs in our case (see our high-
pressures isotherm up to 1.5 MPa in Fig. 9).

For overcoming mechanical flexibility issues of HCPs and fur-
ther develop their specific surface area, some studies proposed to
chemically activate them with KOH [31,41-43,77,96]. The resulting
ACs exhibited ABET in the range of 1511–4334 m2 g�1 and conse-
quently led to higher H2 uptakes, from 2.3 to 4.5 wt% (excess) or
5.6 wt% (absolute adsorption), which are also shown in Fig. 10b.
The reader should note that these hyperporous carbons, as they
have been termed [77], are not fundamentally different from other
ACs prepared from coals of different ranks or biomass by-products
leading to H2 uptakes as high as 6.6 wt% (at ABET in the range of
2451 – 3451 m2 g�1) [98-101]. Indeed, the synthesis of ACs from
renewable precursors, such as agriculture by-products, would be
cheaper and more environmentally friendly than the synthesis of
equivalent materials from HCPs. The results obtained in the pre-
sent study lead us to question the applicability of HCPs, their com-
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posites and their derived ACs for high-pressure hydrogen
adsorption.
4. Conclusions

We have successfully synthesised hyper-crosslinked polymers
(HCPs) by the Friedel-Crafts reaction using carbazole, anthracene,
dibenzothiophene and benzene as precursors and dimethoxy-
methane as crosslinker. When graphene oxide (GO) was added to
the HCPs during the syntheses, a change in their morphology as
well as an increase in the tapped density in the resulting HCP-GO
composites were observed. H2 adsorption followed Chahine’s rule
for all materials, and the materials with the highest specific surface
areas achieved the highest hydrogen storage capacities. However,
when volumetric capacities were taken into account, which is nec-
essary for practical applications, materials with lower ABET outper-
formed those with higher ABET. After H2 adsorption at 14 MPa,
irreversible changes in the porous texture of HCPs and HCP-GO
composites were observed for the first time, and this produced a
gradual decrease of the H2 storage capacity with cycling. This study
therefore shows that HCPs and HCP-GO composites cannot be used
for high-pressure hydrogen adsorption. Although their use to pro-
duce high surface area-activated carbons has been proposed, we
consider that the use of biomass by-products or coals as precursors
would be cheaper and more environmentally friendly.
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